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SUMMERY

s o

The gelection of a uropeller on the basis of efficiency for
eprlication to a light a‘rp‘ ne deeign can be accomplished by the
vse of the cherte presenied. Yhe reqrired celoulaticns ure mede
a minimui by oresgenting the Cluencional propeller maremcters
directly on thu cherte. Values of power L; fﬂ, 10C, 150, 225, and
3CC horzenower wre covered foir alrspeeds 50 luu 15G, and
200 miles per hour, vropeller diameters of o, é, end 10 feet, and
blede mubers of uuo, Tovr, glr, and eight O/Gf L. vide renge of

repeller rotational pond

The epplicalion of the resulhs to design orcblems is demon-

streted by three examples: (1) the ¢rvac¢gaulon of the efficiency
of a wide variety of oropeliers Tor & miven degirn condition,
(2) the investigetion off the officlency of & controllable-pitch
concltant=apeed pronel]e“ an & function of sirspeed, and (3) the
invenstvigation of the efficiency of o 1lxe7-11 cii propeller a3 a
fanetion cf airsp@ou and engine rnerstion,

INTRODUCTION

The omeration of ligh% sirplancs neor recidential neighborhocds
presents the problem ¢f noise weduciicn. One of “he sources of
eirplane noise 1s the eirslansc bropeiler. In iy instances tho
neoise can be reduced by the proper melection of the alrplenc
propeller. The problem of the elficlency of the culet rrepeller,
however, is aleo cf ;wnor‘“nve. The prezent paper gives the
efficiency of a wide selectinn o wirplane ﬂrongule for light
airplenes to aid in the regquired comprouise betwesn e¢ficiencg and
nolgse roduction or any other opevationel or desirn conditicn.

Selection charts for propellerz are precented in relference 1.
The range of low advance-diameter ratio, hovever, iz not covered
in these charte. The precent —aper gives charts for valuves of
advance ~dismeter ratio dcwn to 0.314. The caleulated efficiency
for propellers oy cplimwn loasd dicstribuiion aleng the blade Tor



2 ‘ NACA TN No. 1333

a given opereting condlticn i3 rresented. The zdventage of using
this efficiency is that it presents a maximwm valve thet cannot be
exceeted wilh &« given propeller dicmeter and blade number but can
be obtained with vroper deaicm. The methods of enalysis are given
in the appendix. Comparisons of the calculated efficiencies with
experimental data on provellers chow good sgreensnt,

The selection charts given herein prosent directly the
efficiencies as a function ¢f the mropeller operating conditicns.
Tnvestigation of & given promelloer for applicetion to & given desiym
condition recuires nothing more than the reading of a rew charts
end interrolating between these charts lo obtain the results.

SYIBOTS
e cxicl-velocity interference faclor
B nuiber of vropellsr blades
b chord of mroveller blade element
c4 pection exas coefficient (d/qh)
<y section 1ift coefficiznt (©/0oA)
Cp nower coefficient (P/pn'D-')
. E, i

Cq toreue coefficient (G/pn™D-')

g ) P o ol
Co thrust coefficient (7/pn=D™)
D Hropeller diometer
a drag of sropeller blade element for infinite acpect ratio
J advence-~dianetsr retio (V) T)
1 1itt of blade section

e
N propeller rotational cpeed, revelubtions per minute
n propeller rotational speed, revolutions per second
P input power to propeller.

pover disk-londing coefficient (F/qaV)
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Propeller efficiencles for light alrplenes are presented in
terms of engine power, velocity, blade number, blade diemeter, and
propeller rotational speed for the use of light-sirplene manufacturers
and operators. A wide range of propeller selection ig presented In
order to vermit evaluation of the efficiencies obtained with high-
sclidity low=-rototional-speed nrovellers compared with low-solidity
high-rotational -speed propellers. The charie are intended to cover
the requirements that may be needed in the study of the cound
reduction of light-airplane nrovellers. The scope of the results
and a key to figures 1 to 22 are given in 'table I.

Figure 1. shows the hreakdowm of the nropeller losses for one
conditlion and will aid in intervreting the results presented in the
other figures. The value of the ideal efficlency ny glven for

figure 1 is the value obtained frcm conslderation of the minimum
momentunm increage in the wake. Only axial momentum and a uniform
lacrease in velocity over the entire dlsk area esre considered. The

_ “(1 - Tli)
ny3
and 1s fixed Tor a given mower, velocity, and propellor diameter.

The shaded area in the figuirc shows the induced losses for propellers
having optimum efflciency. The ovtlmm efficiency nopt is the

efficiency (without drag) for a propeller with an optimum load
digtribution as given by Goléstein for the specified number of
blades. This efficiency ccnoiders the rotationsl and exial monentum
of the wake and distributes the loading along the blade so that the
integrated sum of the losces is & ninimum.

ideal efficlency is given by the relationship Do =

The propeller efficiency n given in all the figures is obtained
by subtracting the blade drag from the optimm efficiency. The
megnitude of the blade dreg can be seen to vary grestly with the
gection loeding. In figure 1 the low-solidity propeller is highly
loaded at low rotational speed and is very close to the stall
condition at 1250 rpm. The approach to stall is indicated when
the propeller efficiency n end the optimum efficiency nopt begin

to diverge. At high rotationel speced the blade sections for the
low-solidlty propeller are operating at or near maximumm lift-drag
ratio and, therefore, show the highest efficiency. The high=-solidity
vropeller is operating at very light loading (low value of ¢y for

the section) and, therefore, &t a very low lift=-drag ratio. At 2000 rpm
the blede drag loss has increased from 8 percent for the low-solidity
propeller to 32 percent for the high-solidity proneller.
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The velnes of ideal efficiency, optimum efficiency, and
resultant propeller efficiency are given in eech of figures 1 to 22
in order to permit insight into the losses sustained for each
operating condition.

Figures 1 to 3 give efficiency as a function of »ropeller
rotational speed for 5-, 8-, end 10-foot-diameter four-blade
propellera of varying soliditles (o = 0.069 to ¢ = 0.276) for
engine pover of 200 horsepower for two forwerd speeds. The difference
between the calculated propeller elficiencies (drag included) for each
solidity end the optimum efficiency is duve to blade drag. The drag
varies rapldly with propeller solldity and propeller rotational speed.
In all the present calculations the propeller rotaticnal speed 1is
1imited so that the value ¢f =nD dces nct exceed 950 feet per second
(Mach nvmber, 0.85). Although small compressibility losses may result
at this Mach number, no losses were included in the calculations.

In figures 4 to 22 the calculated efficiency ig plotted against
propeller rotational speed for velocities of 30, 100, 130, and 200 miles
per hour at engine powers of 50, 100, 150, 225, and 300 horsepower.

In each case the propeller solidity is 0.0345B end, therefore, the
total solidlty increases proportionally to the blade number. The
efficiencies for other total solidities and blade numbers can be
obteined from the charts by the vse of figure 5. For optimum propellers
with geometrically similar dblede zections, the principal change in
efficiency resulting from changing the blade muber and holding the
gsolidity constant is due to 2 change in the optimur efficiency. In
figure 5 the optimum efficiency is shown for two=-, four=-, and
eight-blade propellers. The number of bledes is seen to alfect the
optimum efficiency - the greater the number of blades the higher the
efficiency. The magnitude of this change in hopt wilth blade

number, however, is seen to be small and close estimates of the
efficiencies to be realized for constant-colidity propellers with a
change in blade number can be made. The drag lossce may vary for
constent solidlty and different blade numbers because of changes

in the eirfoil characterictics with Reynolds number but, in general,
this effect is very small and 1e not conzldered in the present paper.

EXAMPIES
I - Proveller Selection for One Design Condition
The charts of the present paper show the efficiencles of a

large number of propellers that could be fitted to a given design
condition. Exam-le I is glven to explain the use of the charts.
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The design conditions for a given aivplane are as follows: The
150 ~horzepower engine operates af 2700 rpm. The design velocity
is 150 miles per hour. The propeller rotational speed with direct
and gear drives can be chosen as 2700, 1800, 1350, or 900 rpm.

The following teble gives veluss of efficiency for scme of the
propellers that counld be fitted to the given airplene. All the
propellers for this set of design conditions are taken from
figure 1k,

N N
(rom) | DB M)} () [P |B)OM
2700 | 6 2 {83.5(] 1350 816 179.0
2700 6V hi71i.01] 1350 8{8|71.5
1800 6: 2 85111250 ;1012 18.0
1800 | 6! b j8r.ofl13m0 10k |68.0
1800 61 5181.0 500 515 172.0
1800 ; 6 | 8173.5 900 518 173.5
1&0 1+ 8¢ 2 87.0 900 8ih 18,0
{180 | 8¢ 4 {77.5]|] 900 816 ]83.5
1350 61 4181.0 900 8’ 8181.0
1350 61 681.0 900 10}2 {87.0
135 61 8770 900 10 {4 {83.0
1350 8| 2185.5 a00 10 |6 |76.5
1350 81 Ik |85 S00 10181715

Many of these propellers are close to stalling at 150 miles pexr hour
end at lower velocity would stall and gilve very poor efficiency.
Investigation of any propeller for a range of velocities is teken
up in example II for a controllable-pltch constant~speed propeller
and in example III for the fixed-pitch propellsrs.

IT - Controllable~Pitch Constent~-Speed Propeller

Figure 23 is a cross plot of the propeller efficiency as a
function of the formrd velocity for a 100-horsepower englne
operating at constant speed. The curves in figure 23(a) show the
efficiencies for an 8-foot-diemeter two-blade propeller end the curves
in figure 23(b) show the efficiencies for a 6-foot-dismeter six-blade
propeller. The data for these curves were obtained from figures 16
to 190 and are very close approximations to the efficienciles that would
be obtained for controllable-pitch constant-speed propellers of the
seme dlameter and solidity., In a similer menner the propeller
efficlency for constant rotational speed can be obtained from the
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Tigures lor eny combinatlon of cngine power, propeller diemeter,
blade number, end range of forward velocity covered 1n the study.

IIT - Proveller Performance for Fixed-Pitch Operation

In order to determine the variation of the performance with
airspeed of & given propeller for fixed-pitch operation, it is
necessary to determine the varlation of the engine speed znd brake
horgepover with alrspeed. Since an engine overates at approximately
constant torque the variation of engine speed with velocity devends
on the propellexr characterlstics. An example is given to illustrate
the procedure.

Consider a S-foot-diumeier four-hlade (UO - = 0.138) fixed-

pitch propeller designed Lo absorb 150 horsenower at 1800 rpm at
150 miles per hour. Calculate Cp as follows:

CD='

B pn‘)D5
_ eng
pD5112
- o0
1800\3,,,5
0.002378 (-—-) (5)°
= 0.1655
The value gﬂg remeins conotanb over the speoed range. Therefcre
pD)
2
[a)
n"cP = 0.1655/ 1800>
\ 6o

]

1Lo
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For the design condiilon

88 6o
Y0 % T80

!

(o) VR o

X
nD

l.221

i

Use experimental or calculated data for the solected propeller,
if available, or use & set of curves of CP against V/nD at

various values of pitch setting for some value of % TR of

about 0.138. The number of blades for the test results is not
very importent since only the shape of the curve is required.
Plot V/nD ageinst Cp on a trensparent sheet of paper and place

it over the curves of experimental data. Through the given point
feir in a representative curve for the veriation of Cp with V/nD

for the fixed pitch in question as is done in figure 24. This curve
will approximate the veriction of the design propeller as closely as
is possible without speciflc experimental tests of the propeller.

In order to calculate the performance at 100 miles per hour,
assume & value of V/nD a little higher than the ratlo of airspeeds
would give since the rotational propeller speed is going to be reduced.
Thus the calculated value is given by

0
1.201 20

A
nD 150

i

C.814

Try, as a first approximation, Y - 0.85. Then

nD

i

jo]
i
i<

b
v

}OO ¢ l.h67
6 W« 0085
28.75

1
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and

c=._l£’f2._.£

(28.75)

+d

0.180

i

Plot the point Cp, = 0.180, % = 0.85 on the curve. It

ig seen thaet this point falls below the curve and that a higher value
of V/nJ) is required. Try % = 0.95. Then

146.7

5D e —

6 x C.95

and

L2v]

1
O
L4
n
n
\J

Since the point C, = 0.225, A 0.9% falls on the curve, the

nD
value of V/nD is correct, &nd
N = (25.70)(60)
The brake horsepower is reduced by the ratio of l?f‘Q or rvduced
' 1¢00

from 150 to 128 horsepower.

The efficlencles for 150 miles per hour and 150 horsepower are
read from fipure 1k at 1200 rwm as nop i = 90 percent, 1 = 84 percent,

and An_D = 6 percent. It is necessery to read the curves for 100 miles
per hour at 100 and 150 horsepower for 1540 rmm end to estimate the
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efficlency et 128 horscpower. The efficlencles for 100 miles per
hour end 100 horsepower ere read fiom figure 17 at 154C rim as
Nopt = 8.5 percent, 1 = 80 percent, and Anp = 4.5 percent.

The efficiencies for 100 milec per hour and 150 horsepcwer are reed
from figure 13 at 1580 rpu as nopt = & percent, 10 = 76.5 percent,

and AnD = 3.5 percent. It chould be noted that the propeller

efficiency for the ccndition of 150 horsepover at 1540 rpm is close
to the gtall region. This stalling condition will regquire some care
in estimating the efficiency by this methed if the propeller is
stalled at the higher engine power. An accurate determination of

the propeller efficilency near the propeller stalling condition cannot
be made without specific experimental Cate on the propeller and
airplane combination. The efficiency for 128 horsepover at 100 miles
per hour falls between the value of 75.5 pexcent for 150 horsepower
and the value of 80 percent for 100 horsepower, probably at about
78.5 percent. Then

128 x 6.7%5

Thruet horcepcrer

fl

= 10() 05

The procedure for other velocities is & repetition of the
foregoing calculation.

A breakdowvn of the mower losses as shown pives a good indication
of the possibility of obtailning a gain in efficiency by increasing
the propeller sclidity. If AOn, is small there is not rmuch to be

gained by increasing the solidity.
APPIICATICN O SPECIFIC DESIGN

The charts presented herein permit the selection of the primery
propeller pereameters - nomely, diemeter, rotaticnal speed, tlade
number, and solidity - required for a given design condition. A
comparison of the efficlencies for a wide variety of these parameters
shows large changes in efficiency. The large chenge in efficlency
demonatrates the importance of & careful selection of the primary
propeller peremeters. Whehever any of the primary opropeller
paremeters are effected hy considerations of noise output, ground
clearance, and so forth, the present paper is particularly wseful in
determining the best compromise.
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The secondary perameters such as pitch distribution, plan form,
thickness distributlon, end airfoil section ere not direstly treated
horein. An estimate of their effect cen be obtained, however, by
the use of the cherts. The optirmm load distribution means that
the product of the chord and the 1ift coerificient (bcz) is &

definite value for eech radius at a given design condition. Smell
departures from the cptimum lcad dictribution do not cause appreciable
chenges in the efficiency. XTither the pitch distribution or the

plan form can be altered to obtain the cpiirmum load distribution.
Which alteratlion is made to give this loading is unimpertent. Vhen
results of tests of pitch distridbution or blade plan form show large
losses in cfficlency, they are caused by the chenges in the drag

loss dve to stalling of some of the sections or to operating of some
of the rections at very low 1lift coefficient at which the dreg

is large in compericon with the 1lift,

Blade section and thickness distribution affect the blade drag
logs of the propeller. Ii' this blade drag less (&nD from the charts)

1s small, only suall effects can bo erpected. For operation at
section lift coefficlents in the range of ¢y from 0.3 to 0.7 this

dra; loes is small for normal alrfoil sectlons operating below
critical Mach numbers. If the eleuwent 1ift coefficients are outside
this range, the drag losses beccme importent.

Once the primary parameters are selected the next gtep is the
physicel design of the propeller, which connists of designing the
Ppitch dlstridbution and blade=-chord distribution to obtain the proper
distribution of loading along the radius. One method of dosigning a
propeller to give the optimm distridbution of lecadling for any
operating condition is outlined in reference 2.

Iengley Memorial Aeronauticel Ieboratory
Naticnal Advisory Committee for Aeronautics

Lengley Field, Va., July 2, 1947
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APFEINDIY.
CONSTRUCTION OF CHARTS, METHODS AND ASSUMPTIONS

The propeller-performence curves given hercin were obtained for
most of the range by the method given in reference 1. In relference 1
charts are vresented gilving the maximum possible propeller efficlencies
without drag for a wide range of operating condition. The charts
were prepared for the optimum distribution of loading along the
blade as given by Goldstein for light loadings. The effect of drag
wes added to the induced loss to obtaein the propeller efficlencies
given herein. Comparison of exporimental date on propellers in
current use with data obtained by the nresen® method of anelysis
shows good sgroement over the normel renge of operation. For light
blade loadings Cy below 0.15) and. heavy blade loadings

0.7R
(010’7R abave 0.8),element calculations by the methods given in

‘reference 3 were used.

In the present paper, performance charts similar to those In
reference 1 are given for values of V/oD dowm to 0.3k (n/10) .
These charte are presented in figure 25 for two-, four-, eix-, and
eight-blade propellers. The ordinates give values of the optimum
efficlency for propellors without dreg and the abscissas represent

=) .
values of 1. IJVE%%i. Ageinst these scales, curves of constant
P, -
element load coefficient (acl)o . are crogsed by curves of constant
oL

V/nD. These charts, thus, not. only give the ovtimum propeller
efficiency with drag neglected but, with operating V/nD and

1 8
Vﬁ_.= D\/E%%— known, give the required blade loading (solidity
c

times the 1ift coefficient at the 0.7 radlus).

The effect of blade profile drag on the propeller efficiency
is also gilven in charts. The following formulas, teken from reference 1,
give the effect of dreg on the thrust and torque coefficlents for
zero loading:

ac

=T = ooy BT Va® 4 ()® ()
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and
ac 2 i~ -
Q =3 [ 2
53{-—’_= ocy T \IJ + (ﬂ}:) (2)

These formuleae, modified to include induced velocities and to apply
fcr any loading, ere

aC 2 2
T ~ (
——— -gcd nx "_T 1+ ..8..)_ (3)
and
ac,, 2 20 L 22

U > —
- a
& 8 £in°y

The resulte of the integrated thrust end the integraied power coef-
ficients due to drag cslculated Ty the zero-loading formulas and the
formwlee inclvding the induced velocitles were comparcd Tor several
blade leoadings end ezch blade nmmber. The regultn for the four-blade
propeller with <00130_TR = (.00 &nd ophimur leoald C{istribution along
the blede ere shown in fipuce 2A4. The difference in the thrusi and
power cceificients due to drag and the resultant efficiency computed
by the two geis of forvulas were swmall and Therefore the drag losses
were conputed for only cne lozding for each blade number and these
coefficients were arplied to all values of (001)0.7R' The values

of (GCI)O.TR for which drag losses were carputed were (GCI)O.TR = 0,04
for the two-hlade »ropellers, (UCZ)O T = G.00 ~fer the four-blade
propellers, (GCZ)O ™ = G.1% Tor the six-blade propellers, end

o [N

(001)0.73 = 0.13 for the eight-blade propellers.

The distribution of 3 along the blade was determined by use

of the thickness distribution and »lan form of 2 conventional propeller
operating at the blade loading for optimum dictribution. The distri-
bution of c¢; wused was the same as that on the propeller of reference l.

The change in profile-drag coefficients ig very small for a wide range
of 1ift coefficient 30 that average volues were used in the calcu-
lations. Because the profile drag increases rapldly near the stalling
angle, 1t was necessary to meke element calculations to obtain the
propeller performence for heavily lcaded blades.
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INDEX 70 FIGURES 1 TO 22

TABIE I

e ed

Engine
Figure | power| V D B ¢ per blade
(hp) | (mph)
1 300 | 200 8 L 10.0172, 0.0345, 0.C517, 0.059
2 300 100 | 6,8,10 4 0.0172, 0.0345, 0.0517, 0.059
3 300 | 200 | §,8,10 Y ]0.6172, 0.0345, 0.0517, 0.059
L 300 56 | &,8,10 | 2,L,5,0 0.03k45
5 300 | 160 | 6,8,10]2,4,5,8 0.03%5
6 300 150 | 6,8,10}2,4,6,8 0.0345
T 300 200 | 6,6,102,4,5,8 C.03h5
8 225 50 | 5,8,102,4,5,8 0.C3b5
9 225 | 100 | 5,8,1¢|2,k4,5,8 0.0345
10 225 | 150 | §,8,1¢ | 2,4,5,8 0.0345
11 225 | 2co | 6,6,10 | 2,4,5,8 Go034S
12 150 50 1 5,8,10(2,4,6,8 0.05h5
13 150 100 | 6,8,10(2,4,56,8 0 e0285
1k 150 | 1% | 5,810 2,4,5,8 0.C34%
15 150 | eco | §,8,1012,4,5,8 G035
16 100 50 | 5,8,1C(2,4,5,8 00345
17 100 | 100 | 6,8,10 e,g,§,8 0345
18 100 50 | 6,5,10 | 2,4,5,8 040545
19 100 | 2c0 | 5,8,10(2,4,6,8 0.0345
20 50 50 | 6,8,10 1 2,4,5,8 0.0345
21 50 100 | 5,8,10 |%,4,5,8 0.0345
22 50 1150 | 5,8,1012,4,5,8 0.03k45

NATTONAT,
COMMITTEE TFOR LLTIONAUTICS

ADVIBORT
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Fig. 2
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Figure 2.- Propeller efficiency.
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Fig. 3
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Figure 3.- Propeller efficiency.

V = 200 niles per hour; P = 300 horsepower; B = 4.
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Fig. 6 NACA TN No. 1338
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Fig. 8 NACA TN No. 1338
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NACA TN No. 1338 Fig. 9
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Fig. 10 NACA TN No. 1338
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Fig. 16 NACA TN No. 1338
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NACA TN No. 1338 Fig. 17
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Fig. 18 NACA TN No. 1338
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Fig. 24 NACA TN No. 1338
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